The objectives of this study were to determine the effects of 0, 20, 40, or 60% dietary dried distillers grains with solubles (DDGS) on 1) growing lamb performance, carcass characteristics, and tissue minerals, and 2) nutrient digestibility and retention in growing lambs. In Exp. 1, ninety-six lambs were blocked by sex (ewes, n = 48; wethers, n = 48) and BW, housed in 24 pens (4 lambs per pen), and used in a 92-d feedlot trial (initial BW = 26.4 ± 9.3 kg). Lambs were fed 1 of 4 dietary treatments 1) 0% DDGS, 2) 20% DDGS, 3) 40% DDGS, or 4) 60% DDGS. The DDGS replaced primarily corn, and diets were fed as a complete pellet. There was a quadratic effect of DDGS inclusion on ADG; lambs fed the 20% DDGS diet had the greatest (P = 0.04) gains at 0.358 kg/d. This effect on ADG led to a quadratic (P = 0.03) effect of DDGS on final BW. Increasing dietary DDGS did not affect (P > 0.13) DMI and resulted in a linear (P = 0.02) decrease in G:F. In the liver, S increased linearly (P = 0.05), whereas Cu decreased linearly (P < 0.01) with increasing dietary DDGS; other liver minerals were not affected (P > 0.05). Carcass backfat, yield grade, and marbling score were not affected (P > 0.05) by dietary DDGS. In Exp. 2, twenty-four lambs (initial BW = 43.0 ± 4.4 kg) were used in a metabolism study. Lambs were adapted to the same diets described above for 17 d before a 5-d sampling period during which total feces and urine were collected. Apparent digestibility of dietary DM decreased linearly (P < 0.01) with increasing dietary inclusion of DDGS. Digestibility of fat followed a similar pattern, whereas N, S, and P absorption increased linearly (P < 0.03) with increasing dietary DDGS. The digestibility of NDF was not affected (P > 0.05) by dietary treatment. Apparent retentions (as a percentage of intake) of N, K, Mg, Cu, Fe, and Zn were not affected (P > 0.05) by dietary DDGS inclusion, whereas the retention of S and P decreased (P < 0.04). Daily urine output increased linearly (P < 0.01) and urine pH decreased linearly (P < 0.01) with increasing DDGS (urine pH was 7.46, 5.86, 5.52, and 5.32 for treatments 1 to 4, respectively). These data suggest urine is a major route for excretion of acid when high-S diets containing DDGS are fed. Increases in dietary DDGS resulted in decreased digestion of DM and fat, which may be partially responsible for decreased lamb feedlot performance for 40 and 60% dietary DDGS when compared with 20% DDGS.
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INTRODUCTION
High corn prices create economic incentives to increase dietary inclusion of distillers grains above that required to meet animal protein requirements. Increasing the dietary inclusion of dried distillers grains with solubles (DDGS) results in increased protein, fat, and S content (NRC, 2000; Klopfenstein et al., 2008) . Excess intake of these nutrients by cattle has been reported to decrease intake, BW gains, and feed efficiency (Klopfenstein et al., 2008) . Because protein requirements of lambs are greater than those of cattle (NRC, 1985 (NRC, , 2000 , the biological optimum inclusion rate of DDGS for lambs may be different than for cattle. However, few studies have evaluated the impacts of increased inclusion of DDGS on lamb feedlot performance or measures of digestibility. Schauer et al. (2008) reported that lambs could be fed up to 60% DDGS (DM basis), to replace barley and soybean meal, without affecting performance and carcass quality. However, this study did not evaluate digestibility of protein or fiber at these increased inclusion rates. The mean NDF content of DDGS is 46% (NRC, 2000) ; thus, fiber digestibility in diets with greater amounts of DDGS is likely important to maximize DE intake. Previously, we reported that greater inclusions of DDGS can significantly reduce ruminal pH in cattle (Felix and Loerch, 2011) . Low ruminal pH affects fiber digestibility because the growth and fiber fermenting capability of cellulolytic bacteria are inhibited at low pH (Mould et al., 1983; Hoover, 1986) . Low ruminal pH also reduces ruminal protein degradability (Loerch et al., 1983) . These effects in lamb diets containing increased amounts of DDGS have not been previously reported.
The objectives of this study were to determine the effects 0, 20, 40, or 60% DDGS on 1) growing lamb performance, carcass characteristics, and tissue minerals, and 2) nutrient and mineral digestibility and retention in growing lambs. It was hypothesized that increasing inclusion of DDGS would cause a quadratic decrease in lamb performance with optimum performance occurring at the 20 or 40% inclusion rate. Furthermore, we hypothesized that increasing dietary DDGS would cause a decrease in nutrient digestibility.
MATERIALS AND METHODS
All animal procedures were approved by the Agricultural Animal Care and Use Committee of The Ohio State University and followed guidelines recommended in the Guide for the Care and Use of Agricultural Animals in Research and Teaching (FASS, 2010) .
Exp. 1
Animals and Diets. Ninety-six 3-to 4-mo-old ewe (n = 48) and wether (n = 48) lambs (average ewe BW = 25.8 ± 6.3 kg; average wether BW = 28.1 ± 9.5 kg) were used. Lambs were housed in confinement at the Ohio Agricultural Research and Development Center feedlot in Wooster. Lambs were weighed on 2 consecutive days at the start of the experiment to determine initial BW and then blocked by sex and BW such that there was a heavy, medium, and light block of both ewes and wethers housed in a total of 24 pens with 4 lambs/pen. The pens (1.5 × 4.9 m) were on expanded metal floors, and each lamb had access to at least 0.3 m of feed bunk space. Lambs within block were then randomly assigned to 1 of 4 dietary treatments (Table 1) : 1) 0% DDGS (0DDGS), 2) 20% DDGS (20DDGS), 3) 40% DDGS (40DDGS), or 4) 60% DDGS (60DDGS). The diet was fed in a complete pellet. Feed was offered once daily at 0800 h for ad libitum intakes. Feed refusals were weighed and recorded daily, before feeding, for the duration of the experiment.
Sampling and Analysis. Composited feed samples were freeze-dried (Freeze Dryer 8, Labconco, Kansas City, MO), then ground using a Wiley mill (1-mm screen, Arthur H. Thomas, Philadelphia, PA). All samples were analyzed for DM (24 h at 100°C). All freeze-dried samples were subjected to perchloric acid digestion and inductively coupled plasma atomic emission spectroscopy (ICP) analysis of complete minerals (method 975.03; AOAC, 1988) . Feed samples were analyzed for ADF and NDF (using Ankom Technology method 5 and 6, respectively; Ankom 200 Fiber Analyzer, Ankom Technology, Fairport, NY), CP (method 930.15; AOAC, 1996) , and fat (using ether extract method; Ankom Technology, Fairport, NY). Four counterpart lambs were slaughtered at the beginning of the trial to determine baseline concentrations of diaphragm and liver S and other minerals to be used as covariates in the analysis of tissue minerals. Lambs on test were slaughtered when the BW block average reached an approximate target BW of 59 kg for wethers or 54 kg for ewes. To determine final BW, lambs were weighed before feeding on 2 consecutive days directly before slaughter. Carcasses were chilled (4°C) for 24 h, and then ribbed between the 12th and 13th ribs. At the 12th-rib interface, backfat (BF) thickness, body wall thickness, and LM area were measured. Visual lean score, leg score, conformation score, and quality grade (Prime+ = 15; Cull = 1) were estimated according to USDA guidelines (USDA, 1992) .
Loin pH was recorded using a portable pH meter (H198140, Hanna Instruments, Palermo, Italy) equipped with a glass-tipped pH probe (FC201D, Hanna Instruments) inserted 1 cm deep into the exposed LM surface at the 12th-and 13th-rib interface. Loin color was measured on a butterflied loin sample collected immediately posterior the 12th-to 13th-rib carcass split loin after a 20-min bloom and using a Minolta Colorimeter (CR-310, 50-mm diameter orifice, 10° standard observer, D 65 light source; Minolta Company, Ramsey, NJ), recording L*, a*, and b* values. Fat color was assessed at the dorsal midline of the carcass immediately posterior to the 13th rib using the Minolta colorimeter as described above.
Tissue samples were collected from all medium-block lambs at slaughter and were freeze-dried (Freeze Dryer 8, Labconco) and then ground in a food processor that was cleaned with ethanol between each sample. Liver, kidney, and diaphragm samples were subjected to perchloric acid digestion and analyzed for major mineral elements by ICP (method 975.03; AOAC, 1988) . Longissimus muscle samples were taken postmortem from all lambs between the 12th-and 13th-rib section. These samples were freeze-dried and prepared as described for the tissues above and then analyzed for fat content (using ether extract method; Ankom Technology) to determine percentage of LM fat.
Two lambs had to be removed from the study for lameness (not associated with experimental treatments).
Statistical Analysis. The experimental design for this study was a randomized complete block design. Data were analyzed using the MIXED procedure (SAS Inst. Inc., Cary, NC). The model used for the growing study was as follows:
where Y ijk = the response variable; μ = the mean; b i = the random effect of BW blocks (small, medium, or large); s j = the random effect of lamb sex (ewe or wether); T k = the fixed effect of dietary treatment; and e ijk = the experimental error; pen was the experimental unit. Lambs slaughtered on d 0 did not differ (P > 0.05) in their tissue mineral analyses; therefore, data were not adjusted by covariate. The model for the tissue data was
where Y ijkl = the response variable; μ = the mean; s j = the fixed effect of lamb sex (ewe or wether); T k = the fixed effect of dietary treatment; and e ijkl = the experimental error; lamb was the experimental unit. Linear and quadratic contrasts were analyzed to examine the effect of dietary DDGS inclusion on dependent variables. Significance was declared at P < 0.05.
Exp. 2
Animals and Diets. Twenty-four 6-to 7-mo-old wethers were used in a metabolism trial at the Ohio Agricultural Research and Development Center Nutrition Barn at Ohio State University in Wooster. Initially, 32 wethers were split into 2 groups based on BW so they could be placed in metabolism crates in 2 consecutive periods. The 16 wethers for period 1 were randomly assigned to 1 of the 4 diets, and then dietary treatment groups were randomly assigned to 1 of 4 pens. Treatment diets were the same as Exp. 1. Wethers were fed their treatment diets for 10 d in the feedlot pens, and then 3 wethers per pen were selected (based on feeding behavior and BW) for use in the metabolism crates. These 12 wethers (n = 3 per diet) were moved to the Nutrition Barn and placed in wooden metabolism crates that allow for the total collection of feces and urine. Lambs were maintained on their respective diets (fed once daily at 0800 h) and allowed to adapt to the crates for 3 d, and then samples of feed, refusals, urine, and feces were collected for 5 d. This procedure was repeated for the 16 wethers assigned to period 2.
Sampling. Feed, refusals, feces, and urine were collected once daily, composited (as outlined below), and stored in a −20°C freezer until analysis. Additions of HCl (6 N) were placed in urine buckets daily with sufficient quantity to ensure urine pH did not increase above 2.0.
To determine digestibility, the total diet, feed refusals, urine, and fecal samples were weighed, and 10% of the total was composited daily for the 5 d of collection. Feed, refusal, and fecal composited samples were freeze-dried (Freeze Dryer 8, Labconco), then ground using a Wiley mill (1-mm screen, Arthur H. Thomas). All samples were analyzed for DM (24 h at 100°C). All freeze-dried samples were subjected to analysis of complete minerals, ADF, NDF, CP, and fat as described previously. Urine composites were analyzed for CP as described previously. Urine was also subject to microwave digestion and the ICP analysis of complete minerals (method 975.03; AOAC, 1988) . On the day before the 5-d collection (before HCl was added to the urine buckets), 24-h urine output was measured and a sample was collected. Samples of each diet and urine samples were then used to determine initial pH and the titratable acidity of the diet and urine. To determine titratable acidity, 20 g of feed was mixed with 80 g of distilled water and blended in a blender. Initial pH was recorded on the blended sample, and then the sample was titrated with 1 M NaOH until it reached a pH of 7. An undiluted, 100-mL urine sample from each lamb was used to measure initial pH, and then the sample was titrated with 1 M NaOH until it reached a pH of 7. Daily titratable acidity in the urine was titratable acidity per milliliter of urine times urine output daily (mL). Daily titratable acidity in the feed was titratable acidity per gram of DMI times daily DMI (g). The amount of 1 M NaOH needed to titrate the daily acidity in the urine and feed was used to generate Figures 1 and 2. Drinking water was from Wooster city water, and S content was negligible.
Statistical Analysis. The experimental design for this study was a randomized complete block. Statistical data were analyzed using the MIXED procedure of SAS. The model used for the data was
where Y ij = the response variable; μ = the mean; p i = the random effect of periods, 1 or 2; T j = the fixed effect of dietary treatment; and e ij = the experimental error; wether was the experimental unit. Linear and quadratic contrasts were analyzed to determine the effect of increasing DDGS inclusion on dependent variables. Significance was declared at P < 0.05.
RESULTS AND DISCUSSION

Exp. 1
There was a quadratic effect (P = 0.04) of dietary DDGS on lamb ADG (Table 2 ) with the greatest ADG occurring for lambs fed the 20DDGS diet. There was no quadratic or cubic effect (P > 0.13) of dietary inclusion of DDGS on DMI, although lambs fed the 20DDGS diets had numerically greater intakes. These responses in ADG and DMI led to a linear decrease (P = 0.02) in G:F with increasing inclusion of dietary DDGS. Because lambs were all killed at the same average number of days on feed, final BW reflected the ADG response and lambs fed 20DDGS diets had the greatest final BW (quadratic; P = 0.03). A trial that fed the same amount of DDGS but in barley-based diets with 12.5% alfalfa hay as the roughage source reported no effect of DDGS inclusion on ADG or G:F (Schauer et al., 2008 ). Similarly, feeding 40% DDGS to lambs that received 10% alfalfa hay did not affect ADG, DMI, or G:F in growing lambs when compared with a corn-based diet (Lodge et al., 1997) . Although the 40DDGS and 60DDGS diets in this experiment had 19.4 and 22.9% NDF respectively, the fiber came exclusively from corn, soybean hulls, and DDGS. Even though the present diets had slightly greater ADF percentage than those of Schauer et al. (2008) , the ingredients in these pelleted diets would have provided almost no effective fiber for the stimulation of rumination. Feeding DDGS at greater inclusions reduced ruminal pH in cattle and supplemental forage attenuated the low ruminal pH observed when no supplemental forage was offered (Felix and Loerch, 2011) . Although not measured in the present experiment, inadequate rumination and low ruminal pH may have reduced performance of lambs fed the 40DDGS and 60DDGS diets. Similar to the responses observed for ADG and final BW, lambs fed 20DDGS had the heaviest HCW (quadratic; P = 0.03) compared with lambs fed the other DDGS inclusion rates (Table 3) . There was also a quadratic effect (P = 0.03) of dietary DDGS inclusion on KPH. Lambs fed 20DDGS had the greatest amount of KPH. Schauer et al. (2008) did not report KPH data, and it is not known if calories from DDGS affected energy partitioning and site of fat deposition in the present experiment. Backfat was not affected (quadratic; P = 0.12); however, the numerical decrease in BF corresponded with the linear decrease (P = 0.01) in dressing percent (DP) with increasing dietary inclusion of DDGS. The combination of greater HCW with numerically greater BF and LM area in 20DDGS diets resulted in a small numerical reduction in percentage boneless, closely trimmed cuts when compared with other DDGS diets. This result suggests that total body lean, an important aspect of carcass value, may be the most appropriate means of differentiating dietary effects on carcass value. There was no effect (P > 0.12) of diet on subjective marbling score; however, LM fat measured by ether extract decreased linearly (P = 0.02) with increasing DDGS inclusion in the diet. Recently, decreasing national average marbling scores in beef cattle were attributed to increased dietary percentages of distillers grains (Reinhardt et al., 2007) . A similar effect may have occurred in lambs in the present experiment. Although Schauer et al. (2008) did not measure LM fat, they reported an increase in quality grade with increasing distillers grains in their barleybased diets. In a study in which lambs were fed 22.9% DDGS, HCW, BF, body wall thickness, LM area, YG, and DP did not differ from their corn-fed controls (Huls et al., 2006) .
Yellowness in the subcutaneous fat increased (linear; P = 0.01) with increasing DDGS inclusion in the diet as evidenced by the increase in b* values (Table 3) . Also, the muscle L* values increased (linear; P = 0.02) with increasing DDGS in the diet, indicating a lighter muscle color. These changes in fat and muscle color with increasing DDGS inclusion have not previously been reported. Although detectable by instrumentation, these changes were small and would not likely be detectable by the untrained consumer.
The only differences observed in liver mineral concentration were for S and Cu (Table 4) . With increasing DDGS inclusion in the diet, liver S increased (linear; P = 0.05) and liver Cu decreased (linear; P < 0.01). Dietary S increased with increasing inclusion of DDGS. Sulfur and Cu are antagonistic minerals and readily form insoluble Cu sulfides in ruminant animals (McDowell, 2003) . The formation of these Cu sulfides may cause systemic S toxicosis exhibited as a Cu deficiency (NRC, 2005) . Average Cu concentrations in the liver are quite variable and may range between 15 to 450 μg of Cu per gram of liver DM (Miles et al., 2001) . However, the sharp decrease in liver Cu concentrations noted in this study, of just 92 d, and liver Cu concentration of just 61 μg of Cu per gram of liver DM in lambs fed the 60DDGS diets compared with 277 μg of Cu per g of liver DM in lambs fed the 0DDGS diets suggests lambs may have suffered from mild Cu deficiency.
There were no differences in muscle mineral concentrations (Table 4 ). It was hypothesized that the increase in systemic S (noted by the increased liver concentrations) may cause an increased S accumulation in the muscle, but this was not the case. Despite the large decrease in liver Cu, muscle Cu concentrations were not affected (P > 0.11) by dietary DDGS.
In the kidney, P, Mg, and S all increased (linear; P < 0.04) with increasing dietary DDGS. These increases in P, Mg, and S were likely due to the increased concentration of these 3 minerals in the diet with increasing DDGS (Table 1 ) and the need to excrete excess intake of these minerals. Tissue mineral concentrations in lambs fed increased amounts of DDGS have not been reported. The mineral imbalances that occur with high-DDGS diets (due to excess P and S, in particular) may warrant further research to elucidate the potential negative effects these imbalances have on performance. Excess P intake can be a concern in lambs due to the formation of urinary calculi; however, diets in this trial contained 0.5% ammonium chloride (DM basis) and supplemental limestone to maintain the Ca:P ratio. Excess S in the diet is problematic because it can cause polioencephalomalacia in ruminants (Gould, 1998) . Although the content of S in the 40DDGS diets was close to the maximum tolerable limit (0.30% for ruminants consuming 85% concentrate diets) and S in the 60DDGS diet exceeded the maximum tolerable limit (NRC, 2005) , no cases of polioencephalomalacia were observed.
Exp. 2
Similar to Exp. 1, there was no effect (P > 0.27) of dietary treatment on DMI (Table 5 ). There was a linear increase (P < 0.03) in fat, NDF, ADF, and N intakes on a gram per day basis with increasing dietary DDGS due to the chemical composition of this coproduct. There was a linear decrease (P < 0.03) in diet DM and fat digestibility with increasing dietary DDGS. This may have been partially responsible for the ADG and G:F responses observed in Exp. 1. Willms et al. (1991) also reported a decrease in OM digestibility when lambs were fed treated wheat straw diets containing 30% dried distillers grains without solubles (DDG) compared with a control diet containing 0% DDG. Willms et al. (1991) hypothesized that this effect was due to the difference in degradability between soybean meal, their protein source for the control, and DDG. Although there was a numeric increase in both NDF and ADF digestibility in the present experiment, the effect of DDGS inclusion on fiber digestibility was not significant (P > 0.12). Fiber containing ingredients in these diets (corn, soybean hulls, and DDGS) should have had greater potential fermentability. However, NDF digestibilities were low, ranging from 39.48 to 48.13%. These low-fiber digestibilities could have been caused by increased rate of passage due to small particle size, or inhibition of fiberfermenting bacteria as a result of low ruminal pH. Increasing dietary DDGS increased N intake and resulted in a linear increase (P = 0.02) in N digestibility. However, grams of urinary N output also increased (linear; P < 0.01 and quadratic; P < 0.01), which decreased (P < 0.05) retention of N. In a study using DDG to replace SBM at 30% of the diet, N intake was greater and N digestion, as a percentage of N intake, was decreased by DDG inclusion (Willms et al., 1991) . Retention was not reported in that study. The quadratic response (P < 0.01) in grams per day of N retained in the present ex- Leg score, conformation score, lean score, and marbling score: 1 = cull to 15 = high prime. periment reflected the ADG response observed in Exp. 1. Apparent absorption of P and S increased (linear; P < 0.01) with increasing DDGS; however, apparent retention decreased (linear; P < 0.03), suggesting lambs were able excrete the excess intake (data not shown). Total urine output increased (linear; P < 0.01) with increasing DDGS inclusion in the diet (means: 964, 1,010, 1,574, and 1,962 mL/d for 0, 20, 40, and 60DDGS diets, respectively). Urine pH decreased linearly (P < 0.01) with increasing DDGS (7.46, 5.86, 5.52, and 5.32 for 0, 20, 40, and 60DDGS treatments, respectively) . Titratable acidity in the feed consumed daily increased (linear; P < 0.01) with increasing dietary inclusion of DDGS, which resulted in increased (linear; P < 0.01) daily urine output of titratable acidity (Figure 1) . Acidity of the feed represented up to 60% of the acidity excreted in the urine (Figure 2) . During the fermenting of corn for ethanol, sulfuric acid is used to control pH during starch hydrolysis and to clean the fermentation tanks (Klopfenstein et al., 2008) . The use of sulfuric acid in ethanol production is the primary cause for increased content of S in DDGS (above that of corn origin). Likewise, variability in S content of DDGS is likely caused by variability in the amount of sulfuric acid present. Sulfuric acid has a pK a of 1.92. The metabolic consequences associated with these very acidic diets may limit growth, intake, and efficiency of feed utilization at high dietary inclusions of DDGS. This observation has not been previously reported. Likewise, there is no information describing or isolating the potential negative effects of acid load and S per se.
Dried distillers grains with solubles may be fed to sheep at up to 60% of the diet DM without affecting DMI; however, ADG may be decreased at greater inclusions. Furthermore, these greater quantities of distillers grains may affect marbling score in lambs and reduce HCW. Optimum dietary inclusion of DDGS for lambs in this study occurred at 20% of the DM. Increases in dietary DDGS resulted in decreased digestion of DM and fat, which may be partially responsible for decreased lamb feedlot performance when 40 and 60% dietary DDGS was compared with 20% DDGS. Acidity of diets is greatly increased with increasing inclusion of DDGS. Urine is a major route for excretion of acid when increased-S diets containing DDGS are fed. The consequences of this acidity on animal performance and metabolism are unknown. 
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